Mediterranean mountain agroecosystems are sensitive areas to soil degradation due to climatic conditions and anthropogenic pressure from agriculture and grazing practices.
diameter automatic core driller and five samples were sectioned at 5 cm increments in order to study the vertical distribution of 137 Cs, SOC and SON.
In the cultivated field, 156 soil samples were collected using a 7 cm diameter automatic core driller on a 10 x 10 m grid (Fig. 1d) . At each sampling point, one soil sample was collected at a depth of 30 cm, which corresponded to the plow layer. This sampling depth was considered to capture the effects of tillage and, consequently, soil homogenisation. The sampling depth was extended up to 50 cm in order to retain the entire 137 Cs profile in the sampling points identified as depositional sites according to field observations. The 30 and 50 cm soil samples are named, from now on, bulk samples. Furthermore, 156 topsoil samples were collected at the same sampling points of the bulk samples. The topsoil samples were taken with a 4 cm diameter manual core driller at 5 cm depth.
Laboratory analysis
Soil samples were air dried and weighed. Then samples were passed through a 2-mm sieve to separate the coarse fraction (>2 mm) and fine fraction (<2 mm) then they were packed, weighed, labelled and stored at 4ºC prior to analyses. Analyses of physicochemical soil properties such as texture, pH, electrical conductivity (EC), carbonates ( sodium hexametaphosphate (40%) and stirred for 2 h after that they were dispersed with ultrasound for a few minutes. The pH and EC (dS m -1 ) were measured on saturated paste extracts of soil-water ratio, 1:2.5 and 1:5, respectively using a pH-meter and conductivity meter, respectively. Total carbonate content (%) was analysed using a calcimeter (CSIC, 1976) . SOC and SON contents (%) were measured with the dry combustion method using a LECO, RC-612 multiphase carbon analyser and a LECO CN TruSpec carbon and nitrogen analyser, respectively. The dry combustion method is based on thermal oxidation of the sample at an established temperature. LECO devices consist of a furnace where a sub-sample of <2mm soil (0.1500 g) grounded with a mortar and pestle is introduced and combusted into flow oxygen.
SOC content (%) was measured at 550 ºC. The CO 2 gas evolved after combustion was determined by infrared analysis (Bremner, 1996; Nelson and Sommers, 1996) . The decomposition of the most thermally labile components of SOC is released at approximately 300 -350 ºC whereas decomposition of more refractory and stable carbon occurs at higher temperatures (420 -550 ºC) (López-Capel et al., 2008) . The characterisation of active carbon and stable carbon fractions was carried out using LECO, RC-612 multiphase carbon analyser (Quijano et al., 2014a) . The temperature of the furnace was stepped at 350 ºC and 550 ºC to oxidize the active (ACF) and stable carbon fractions (SCF), respectively. SON was measured by determining the NO x gas evolved after combustion at 950 ºC by a thermal conductivity detector (LECO, 2006 Fukushima in 2011. The Iberian Peninsula was not significantly affected by the release from these nuclear accidents (García-León et al., 1993; Behrens et al., 2012) . The technique assumes that the 137 Cs fallout is spatially uniform and its redistribution throughout the landscape is firstly controlled by its natural decay and by soil redistribution processes reflecting soil sediment transport (Walling and Quine, 1992) .
Cs reaches the soil surface through wet and dry deposition is rapidly and strongly adsorbed by soil particles especially clay and soil organic matter (Tamura, 1964) .
The massic activity of 137 Cs was measured using a high resolution, low background, low energy, hyperpure coaxial gamma-ray detector coupled to an amplifier and multichannel analyser. The detector had an efficiency of 50%, and a 1.9 keV resolution (shielded to reduce background), and was calibrated using standard soil samples in the same geometry as the measured samples. Gamma emission of 137 Cs was detected at 661.6 keV photopeak with counting times over 30000 s and the analytical precision of the measurements is ± 5 % (95 % level of confidence).
The content of 137
Cs in the soil sample is expressed as a concentration or massic activity ) and as activity per unit area or inventory ). The inventory was calculated using the mass of the fine fraction and the cross section of the core sampler (Navas et al., 2005) .
Data analysis
The total inventory of 137 Cs for an individual sampling point was compared with the local reference inventory. Soil samples where inventories were lower than the local reference inventory were indicative of loss of radionuclides and, thus, soil loss.
Similarly, inventories in excess of the reference level are indicative of the addition of radionuclides with soil particles by deposition (Walling and Quine, 1990) . Similarly, the reference inventories of SOC and SON were compared with the SOC and SON inventories in the sampling points to determine whether a loss or gain of soil nutrients occurred in the sampling points.
Data were analyzed using SPSS 19.0 (Chicago, IL, USA). Principal component analysis (PCA) was used to discern relationships and groupings among the soil properties. PCA
provides a useful means to analyze variance and reduce the dimensionality of a dataset consisting of a large number of interrelated variables, while retaining as much of the variation present in the data as possible. The number of components was determined using the eigenvalue-one criterion, which determines that components with eigenvalues greater than one and comprising variables with high component loading are to be extracted. The applicability of the PCA in the datasets used in this study was verified by applying Bartlett's sphericity and Kaiser-Meyer-Olkin (KMO) tests.
Pearson's correlation coefficients and linear regression analyses were used to assess the relationships between SOC, SOC fractions, SON, 137 Cs, topographic factors and soil properties. Furthermore, to assess the statistical significance of the effects of soil redistribution (eroded and depositional) and depth (bulk and topsoil) on soil properties at the sampling points, a one-way analysis of variance (ANOVA) was performed.
Tukey's mean difference was used at the 5% probability level to separate the effects.
The ordinary kriging with trend was selected to model the spatial distribution of the measured soil physicochemical properties and SOC, SON and 137 Cs inventories at the field scale. All output maps and interpolations were performed using ESRI ArcGIS 10.2.1 software.
Results

Characteristics of the reference soils
Soils in the undisturbed area were shallow and poorly developed, and were derived mainly from Tertiary sandstones. A higher content of the coarse fraction from the parent material was found in soil layers at depths between 25 and 40 cm (Fig. 2 ).
Soils were alkaline (7.50±0.14) and non-saline with an EC maximum of 0.44 dS m 
137
Cs massic activity was undetectable below 25 cm, whereas there was a high increase in the coarse fraction in deeper layers, mainly below 25 cm. The SON, clay, silt and sand contents were distributed relatively uniformly with depth and had no significant differences between the incremental depth intervals.
Soil properties in the study field
In the study field, soils were alkaline, non-saline and calcareous (Table 1) . Most soil samples (81%) had a silt loam texture with a predominance of silt ranging between 50 and 71.9%. Thirteen per cent of the soil samples had loam and 3% had sandy loam textures with a relatively higher content of the sand fraction (35-74.3%). The remaining soil samples (3%) in which the clay content ranged between 36 and 56.5% had clay, silty clay and silt clay loam textures. The content of the coarse fraction varied from 0 to 17%. SOC contents were less than 1.8%, and the maximum SON content was 0.19%. In the field C/N ratios varied largely, ranging from 2 to 15 with a mean value of seven (Table 2 ).
The sand and carbonates increased from the upper (north-west) to the lower slope positions (south-east), whereas the opposite trend was found for clay, silt and EC (Fig.   3 ). The spatial pattern of pH was not as clear because the pH values had a low range of variation with no significant differences within the field. Fig. 4 shows the spatial distribution of SOC and SON contents (%). Higher SOC and SON contents were found on the upper slope, where higher clay values were also found. However, lower soil nutrient contents were found in the lower part of the field.
The PCA indicated that combinations of variables explained a relatively high proportion of the total variation between the samples. Results from 156 soil samples showed that 75% of the cumulative variance was explained by the first four components with eigenvalues greater than one ( (Table 3) .
Most correlation analyses of the soil properties showed moderate to strong correlations (Table 4) . 137 Cs, SOC, SOC fractions and SON inventories were directly and significantly correlated (p<0.01). SOC and its carbon fractions were highly and directly correlated (p< 0.01) with the percentage of clay and silt, and highly and inversely correlated with the percentage of coarse fraction, sand and carbonates. On the other hand, the correlation between the coarse fraction, sand and carbonates was direct and statistically significant (p<0.01).
The effect of soil redistribution processes on soil nutrients
In the study field, the mean value of the Cs massic activity and inventories in eroded points were lower and significantly different (p≤0.01) than in the depositional ones (Fig. 6 ). In addition, there was a significant difference (p≤0.01) between the mean values of the Cs, which affected 70% of the total area of the study field (Fig. 7) .
The mean values of SOC and SON inventories were 3.5 and 0.51 kg m -2 , respectively (Table 2 ). Most soil samples had lower values of SOC than the reference inventory.
Only 3% of the soil samples had higher values than the SOC reference inventory, which corresponded to less than 1% of the study field (Fig. 7) . Moreover, a generalised loss of SON was found. Compared to the reference soils, the maximum value of SON inventory in the field (1.02 kg m -2 ) was lower than the SON reference inventory ( Table   2 ). As much as 87% of the study field had a percentage of SON loss between 50 and 75% (Fig. 7) . Examination of the spatial distribution of When comparing eroded and depositional points, the means of clay and silt contents were lower at eroded points than at depositional ones, whereas the mean values of sand and carbonates were higher at depositional points, although there was not a statistical difference between them. However, the mean of the coarse fraction in the depositional points was higher and significantly different (p≤0.05) than in the eroded ones (Table 5 ).
The relationships between the percentages of loss and gain of On the other hand, soil samples at the eroded points presented significantly lower mean values of SOC, SOC fractions and SON inventories than at the depositional ones (Fig.   6 ). Furthermore, the relative contribution of ACF to SOC in the depositional points was found to be higher and significantly different (p≤0.05) than in the eroded ones. On the contrary, the relative contribution of SCF to SOC in depositional points was lower and significantly different (p≤0.05) than in the eroded ones (Fig. 6) .
Soil nutrients in topsoil and bulk samples
Topsoil samples were characterised by higher and significantly different (p≤0.05) mean values of coarse and sand fractions than bulk samples. On the contrary, the mean values of clay and silt fractions were lower and statistically different (p≤0.05) in topsoil than in bulk soil samples. Moreover, there was not a significant difference between the mean values of carbonate contents in topsoil and in bulk samples (Tables 1 and 6 ).
Soil nutrients were more concentrated in the topsoil. The mean values of SOC, ACF, SCF and SON contents were higher and significantly different (p≤0.05) in topsoil than in the bulk samples; consequently, the C/N ratio was higher and significantly different (p≤0.01) in topsoil (Tables 2 and 6 ). Furthermore, the mean relative contributions of ACF/SOC and ACF/SCF in topsoil were higher and significantly different (p≤0.05) than in bulk samples. On the other hand, the relative contribution of SCF to SOC was higher and significantly different in bulk samples than in topsoil.
When comparing topsoil by soil redistribution processes, results were similar to that found for bulk samples. The means of clay and silt contents were slightly lower at eroded points than at depositional ones, whereas the mean values of coarse fraction and sand were higher at depositional points. However, the mean of carbonates in depositional points was slightly lower than in eroded ones, although there was not a statistical difference between them (Table 7) . On the other hand, when SOC, SOC fractions and SON contents were compared in eroded and depositional topsoils, it was found that the mean values of SOC and ACF were higher and significantly different in depositional topsoil samples than in the eroded ones (Table 7) .
Discussion
The depth distribution of 137 Cs in the reference profiles followed the typical pattern of undisturbed areas, as Gaspar and Navas (2013) also found in a nearby mountain agroecosystem. Most of the radiocaesium (>80%) was concentrated in the top 10 cm of the soil profile and declined rapidly with increasing depth reflecting the adsorption of The predominance of silt loam textures, which are highly erodible with low resistance to particle detachment and subsequent transport (Torri et al., 1997) , together with low SOC contents (less than 2% in the study field), favours soil degradation and the depletion of soil quality as discussed by Loveland and Webb (2003) . Therefore, these soils are prone to soil erosion by water and tillage, as indicated by a generalised loss of 137 Cs and soil nutrients compared to the inventories at the reference site.
Losses of SOC are less important than losses of SON. Seventeen per cent of the study field was affected by SOC loss ranging between 50 and 82%. Despite additions of nitrogen fertiliser in spring and autumn, 89% of its total surface had SON loss ranging between 50 and 81%. Once the fertiliser was applied, about 50% of the nitrogen was absorbed by crops (Craswell and Godwin, 1984) . Apart from SON absorption and mineralisation (Schepers and Fox, 1989) , the most important processes related to the loss of SON in the study field are leaching, volatilisation and export through runoff and soil erosion. The reason for lower SOC losses than SON could be the protective effect of cover mulching by reduced tillage practices carried out in the field over the last 15 years. Moreover, by adding nitrogen fertiliser higher crop biomass production could be related to an increase of SOC (Gregorich et al., 1996) .
The important depletion of 137
Cs, SOC and SON is clearly associated with land use changes from forest to cultivated land. In addition, tillage practices and soil erosion by runoff are linked to the decline of soil nutrients affecting the soil structure and increasing soil susceptibility to erosive processes. The coincident spatial distribution of 137 Cs and soil nutrients suggested that similar redistribution processes affect their spatial patterns within the field. A main factor for soil redistribution in the study field is runoff through the gully system that drains the field into the main stream when exceptional rainfall events occur (López-Vicente et al., 2015) . Runoff intensifies downslope, triggering the selective removal of finer soil particles. Our results show that, at the lower end of the gully in the north-east part of the study field (Fig. 3) , coarser and heavier particles are deposited as evidenced by an enrichment of the carbonate coarse fraction and sand in this part. The carbonate nature of the coarse fraction is confirmed by the direct and significant relationship between the coarse fractions, sand and carbonates. Eventually, the finer soil particles are exported out of the field to the main ephemeral stream by runoff.
Primarily, the soil's physical movement at the field scale affects the spatial distribution of soil particles within the field and, therefore, soil nutrients. Runoff redistributes preferentially the topsoil finer soil particles, like clay, which is associated with soil nutrients (Bajracharya et al., 2000) , affecting their redistribution in the landscape (Lal, 2003; Zhang et al., 2011) . In the study field, SOC and SOC fractions are associated with clay and silt size particles, which is confirmed by the direct and significant relationship between them, as also found by Zhao et al. (2006) for SOC in long-term cultivated soils.
Thus, lower values of 137
Cs, SOC and SON appeared to be related to higher coarse fraction and sand contents at the lower end of the gully. According to Soto and Navas (2004, 2008) , stoniness is one of the main features of soil in mountain Mediterranean agroecosystems and has to be taken into account for estimating the effective retention of (Sawhney, 1970) . This highly selective sorption of 137 Cs occurs at the broken edges of the illitic-type clay minerals (Gaspar et al., 2014) . However, organic matter whose major component is SOC is also important in the adsorption of 137 Cs, but this adsorption is supposed to be non-specific compared with the specific adsorption of Agricultural practices for more than one hundred years have created a 20-30 cm deep furrow along the south-east border of the field, especially after the generalised use of heavy machinery since 1960. As a result of the plow furrow and soil compaction, the deposition of soil particles occurred in this part of the study field (Fig. 7) . This fact was evidenced by the be an important process at depositional sites. The prevalence of more stable carbon fractions at depositional sites is related to the buried SOC leading to a higher degree of SOC mineralisation as described by Boix-Fayos et al. (2015) across several deposit compartments in Mediterranean catchments (SE Spain).
However to confirm these trends, further analyses of the behavior of SOC and SOC fractions in relation to a loss and gain of 137 Cs, and that of soil with a larger dataset are required.
The enrichment of soil nutrients in topsoils compared to bulk soil samples was in agreement with results by Quijano et al. (2014a) in cultivated soil profiles studied along a mountain toposequence representative of Mediterranean agroecosystems. The incorporation of crop residues into soils by conservation tillage practices implemented in the study field favors the enhancement of soil nutrients restricted to the soil surface (0-5 cm depth), as also reported by Blanco-Moure et al. (2013) and López et al. (2012) in the central Ebro valley. Despite the migration of finer soil particles into underlying layers as a consequence of cultivation (Yonkeu et al., 2000) and the exportation of finer soil particles by wash off, the accumulation of soil nutrients in topsoils is recorded in the study field. This fact reinforced that the implementation of reduced tillage is a good measure to increase SOC in topsoils. Besides, this SOC increase will influence other factors, such as infiltration, water content, porosity and soil aggregation (Veum et al., 2011) , improving soil quality (Govaerts et al., 2009 ). In addition, higher ACF in depositional topsoil samples than in eroded ones suggested that, in agreement with Carter (1992) , the more bioreactive carbon fraction was more sensitive to soil management than was stable carbon.
Conclusions
In the study field, the spatial patterns of Cs and nutrients out of the field through the gully system. The selective removal of finer soil particles mobilised the rich bioreactive carbon fraction, and this was associated with a higher contribution of ACF to SOC at depositional sites for both topsoil and bulk soil samples. From the point of view of soil quality and soil organic carbon sequestration, the incorporation of crop residues into soil by reduced tillage practices was a good measure for increasing SOC in topsoils. The present study may help to improve the current scarce knowledge of the relationships between the spatial variability of soil redistribution and soil nutrient patterns and dynamics in Mediterranean agroecosystems, which requires further research to mitigate soil degradation and implement erosion control practices at the field scale. 
